The conventional matched filter (MF) receiver is considered the optimum filter to recover the CDMA signals. One of its problems is that its performance is significantly degraded due to the channel impairments and the increase of the multiple access interference (MAI). Parallel interference cancellation (PIC) is considered a simple yet effective multi-user detector for direct-sequence code-division multiple-access (DS-CDMA) systems. However, its performance may deteriorate due to unreliable interference cancellation in the early stages. Thus, a partial PIC detector, in which partial cancellation factors (PCFs) are introduced to control the interference cancellation level, it has been developed as a remedy. Recently, an interesting adaptive multistage PIC algorithm was proposed. In this paper, an application of the least mean square (LMS) adaptive algorithm is presented by training the adaptive coefficients blindly to optimize the values of the PCFs. The performance of the presented receiver is measured in terms of bit error rate (BER) and compared with other receivers over frequency selective fading channel. It is found that the performance of the adaptive PPIC receiver is better than the performance of the other receivers in the frequency selective fading channel especially in the last stages.
Introduction:
Multi-user detection (MUD) is a technique for improving the performance of codedivision multiple-access (CDMA) systems. Different from the conventional single-user approach, MUD does not treat interference from other users as noise. The development of MUD algorithms can be dated back to the seminal work of Verdu. He proposed a multi-user receiver utilizing the maximum-likelihood criterion [1] and showed a great performance enhancement. However, he also showed that the computational complexity grows exponentially with the user number. The high computational complexity adversely affects its real-world applications. Thus, a variety of low-complexity suboptimum receivers were then proposed [2] [3] [4] .
The subtractive type interference cancellation is known to be a simple and effective MUD algorithm. This type of MUD involves only vector operations making it a good candidate for real-world implementation. For a particular desired user, the subtractivetype canceller estimates interference from other users, regenerates, and cancels it from the received signal. This canceller is usually implemented with a multistage structure, and the temporary data decision for a stage is obtained from its previous stage.
The successive interference cancellation (SIC) cancels interference from other users one by one [5] [6] [7] , while the parallel interference cancellation (PIC) cancels it all at one time [8] [9] [10] . To have the best performance, signal power ranking is necessary for SIC. Stronger signals usually have lower probability of decision errors and cancellation of these signals gives more significant result. For these reasons, SIC has better performance where users have unbalanced powers. However, SIC requires additional complexity for power ranking and its processing delay are also larger. By contrast, PIC cancels the interference disregarding to the interference power distribution and is more suitable for power balanced systems.
One problem associated with the PIC approach is that interference estimation may not be reliable in early stages. In other words, interference cancellation does not necessarily reduce interference. To alleviate this problem, partial PIC was then developed. Partial cancellation factors (PCFs) ranging from zero to unity were introduced to control the signal cancellation level. Optimal PCFs can be theoretically derived with given channel and noise statistics. One problem of the approach is that the computational complexity will become very high in time-varying environments. Also, when the required statistics are not properly estimated, the performance may be seriously affected. To remedy the problem, an adaptive approach using the least mean square (LMS) algorithm was then proposed for partial PICs [11] . Due to the special architecture proposed in [11] , the adaptive algorithm does not require any training sequence. In other words, it is operated in a blind way. The basic idea behind the adaptive multistage PIC is fundamentally different from that of conventional partial PICs. The weight vector it derives for a user corresponds to a combination of the channel response and the PCF. There are many advantages using the adaptive PIC in [11] . It is simple to implement [12] , and is inherently applicable in time-varying environments. Also, it does not have to conduct channel estimation, and its performance is better than non adaptive PICs. Other related works can be found in [13] [14] [15] [16] . In [14] , the adaptive multistage PIC was applied to multi-rate systems. In [15, 16] , adapted weights are filtered before or after weight adaptation such that better cancellation performance can be obtained.
Although the adaptive multistage PIC has been studied by many researches, its performance has not been analyzed before. The difficulty arises from the nonlinear operation involved in the decision process, and its interaction with the LMS algorithm. There exist many theoretical results for the LMS algorithm; however, most of them consider the steady state performance and are valid only for the small step size scenario.
This cannot be applied in the problem considered here. This is because in an adaptive PIC, only the data in one bit interval are available. For better performance, a large step size must be used. Even with the large step size, the weights still cannot converge due to the short training sequence. As a result, the LMS algorithm is always in its transient state. One other obstacle is that the input to the LMS algorithm in a certain stage depends on the decision in the previous stage, and this complicates the problem further more. In [17] , a method overcoming these problems outlined above. it explicitly derives the analytical results for optimal weights, weight-error means, and weight-error variances. Based on these results, it finally derive the output bit error rate (BER) for each user. Simulation results indicate that the analytical results highly agree with empirical ones. Although the analysis provides only the system behavior of the original structure in [11] , it is straightforward to conduct the performance analysis for the improved structures such as [15] or [16] with the proposed algorithm.
The remainder of the paper is organized as follows. In Section 2, the framework of the adaptive multistage PIC is first reviewed. In Section 3, numerical results are presented showing the performance of the adaptive PPIC receiver and compared with the traditional PPIC and PIC receivers in addition to the MF under the same conditions. Finally the conclusions are drawn in Section 3. . Then the chip-sampled received signal in a certain bit interval can be represented as 
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We further denote the noise term in (2) as
. It can be seen that in the received signal of (2), in addition to noise, the MAI affects the signal detection. Let 
Finally, we can obtain the th j stage detected bit with [.] denotes the sign operation. As we can see, the knowledge of the channel gain is required in partial PIC. In general, optimal PCFs are derived through minimization of some cost functions. The interference subtraction operation of the adaptive multistage PIC is similar to that of the conventional partial PIC. However, the PCF and the channel gain are merged into a single weight. Let 
denotes the reconstructed received signal (excluding noise). The optimum solution of (5) can be theoretically solved. However, it will require high computational complexity. A simple alternative is to use the adaptive filtering approach. The LMS algorithm is a well-known adaptive algorithm. Let (6) where the input signals are described as
After the weights are trained for a bit interval, they are used to cancel the interference from other users such that the input to the Figs. 1 and 2 , respectively. In this paper, we will consider an adaptive two-stage PIC receiver. Since only the operation in the second stage is concerned, the superscripts for the first-stage outputs and for the second-stage inputs are omitted for notational simplicity. As a result
. It can be seen from (5) that in the ideal condition, i.e., ) ( n r is equal to the noise-free received signal, the ideal convergent weights will be 
Figure (2): LMS algorithm for an adaptive multistage PIC receiver.
Thus, the convergent weights depend on whether the bit decisions in the previous stage are correct or erroneous. This property makes the performance analysis difficult. The adaptive algorithm allows the weight of each user to attain the desired value bit by bit. This is the reason why the adaptive approach performs better than non-adaptive methods.
As mentioned, the adaptation period is constrained in one symbol period. This is depending on the bit decision for each symbol. Although the LMS algorithm is simple, its convergence is slow and the weight may not converge to the desired value in such a short period. In addition, the resultant weight heavily depends on the parameters used in the LMS algorithm so is the cancellation performance. These parameters include the step size and initial weights. In the conventional approach, these parameters are determined heuristically. The weight initials are usually set as the channel gains, i.e. . This is reasonable since the bit error probability is usually low, most of the weights will start adaptation at their optimal values; only few weights are away from their optimal values by k a 2 . A larger step size will accelerate the convergence speed for the weights with erroneous decision, but also inevitably introduces a larger variance for all weights. There is almost no research regarding the convergence analysis for the adaptive multistage PIC receiver.
Simulation Results:
In this section, the performance of the adaptive partial PIC receiver is evaluated and compared with the performance of the traditional partial PIC and the conventional PIC receivers. Moreover, the performances of the adaptive partial PIC receiver is compared with the performance of the matched filter of a single user (SUMF) in AWGN channel, which is considered as a reference for the other receivers. The comparison also includes the performance of the matched filter in presence of the same number of MAI under the same conditions in frequency selective fading channel.
All the simulations are performed under nearly identical conditions to make the comparison fair as much as possible. The simulations are performed using 5000 random transmitted symbol for each user and averaged over 250 independent trials to make the complexity of the program visible. The Gold code with code length 15 is used as spreading code. We use a Gold code in the simulation because it has the availability to generate a large number of sequences with good cross correlations. The convergence simulations are taken over the period of the first bite for the LMS algorithm since the adaptation process is performed blindly. The step size parameter is adjusted according to the other simulation parameters (i.e. the number of MAI, the code length… etc). other CDMA receivers, since it represents the performance of the MF in AWGN channel without any effect of interfering users. The figure shows that the performance of the MF represent the worst performance due to the effect of the MPI, while the PIC receivers generally introduce a superior performance compared with the MF. The reason of the large gape between the PIC receivers and the MF receiver is the deterioration effect of the MPI on the MF while it has very little effect on the PIC receivers. More over, the low number of interfering users decreases also the effect on the PIC receivers. For the comparison between the PIC receivers, it is clear that the two stages of the traditional PPIC are better than the two stages of the conventional PIC. For the proposed APPIC it is found that its first stage introduce an enhancement by about 1 dB over the first stage of the conventional PIC, and about 0.5 dB over the traditional PPIC at BER of 4 
10
 . It also found that the second stage of the APPIC completely coincident with the SUMF, which mean that it has the same performance of the SUMF. That gives an indication that the proposed APPIC completely eliminate all the effects of the MPI and all the 5 interfering users. The reason of this superior performance is due to using optimized PCFs which optimized the fraction of the MAI cancellation in the tow stages of the proposed APPIC receiver. Of course, the PCFs are optimized through out the adaptation process. Fig (4) illustrates the same performance comparison of the two stages PIC receivers and the MF but when the number of interfering users is increased to 9 MAI. The figure shows that the performance of the MF is still completely deteriorated all over the SNR range. The figure shows also that at low SNR, the performances of all the PIC receives stages are closed to each other; the reason of this phenomenon is that the effect of the noise is still dominant. As the SNR increased to be over 6 dB, the performances of the PIC receivers begin to be contrasted. The figure shows that increasing the MAI affects on the performance of the first stages of the conventional PIC and the traditional PPIC receives, and even the proposed APPIC. That can be cleared from the gape between the first stages of the PIC receivers and the SUMF, which ranging between 2 and 3 dB at BER 4 
 . For the case of the second stages, it is clear that increasing the MAI affects only on the PIC and the traditional PPIC receives, while for the proposed APPIC receiver, the second stage still coincident completely with the SUMF, which mean that although the MAI interference increased, the proposed APPIC receiver still eliminates its effect over the frequency selective fading channel. 
Conclusions:
Parallel interference cancellation (PIC) is considered a simple yet effective multi-user detector for direct-sequence code-division multiple-access (DS-CDMA) systems. However, its performance may deteriorate due to unreliable interference cancellation in the early stages. Thus, a partial PIC detector, in which partial cancellation factors (PCFs) are introduced to control the interference cancellation level, has been developed as a remedy. The PCFs can be chosen such that it does not give the best performance, for this reason an adaptive PPIC receiver is presented, in which the PCFs are optimized through out adaptation process. The adaptation process using the least mean square (LMS) algorithm as an adaptation algorithm. A performance comparison performed between the conventional PIC, traditional PPIC, and the proposed APPIC receiver, in addition to the MF under the same condition and the SUMF is taken as a reference. It is found that in low number of MAI, all the PIC receivers introduce superior performances for the two stages over the MF in the frequency selective fading channel. It is found also that proposed APPIC receiver completely eliminates the effect of the MAI, As the MAI increased, the first stages of the PIC recovers are strongly affected , while the second stages still presents a very good performances, and the proposed APPIC receiver still completely eliminate the effect of the MAI, and the channel. As the MAI reaches to the maximum system capacity, the two stages of the conventional PIC receivers are strongly affected while the PPIC and the APPIC second stages are still having better performance.
